increasing only marginally over time in suspension (Fig 1e) . Re-adhesion of cells to 149 fibronectin for 5 mins (minimum time needed for sufficient cells to be re-adherent for 150 imaging) shows the Golgi to be reorganized, reflected in a significant decrease in cis, cis-151 medial and trans-Golgi objects (Fig 1e) . The rapid nature of this reorganization on re-152 adhesion to fibronectin in lower serum conditions supports a role for integrin-mediated 153 adhesion in driving this pathway. Loss of adhesion and re-adhesion under these 154 conditions is seen to regulate Akt activation (del Pozo et al., 2004a) ( Supplementary Fig.  155 1c) and GM1 endocytosis (Balasubramanian et al., 2007a ) ( Supplementary Fig. 1d ) in 156 these cells, both known to be controlled by integrins. 157 158 Such an adhesion-dependent regulation of the Golgi was also observed using cis-medial 159 (ManII GFP) and trans (GalTase RFP) Golgi markers in anchorage-dependent human 160 foreskin fibroblasts ( Supplementary Fig. 1i ) and human endothelial cells, EA.hy926 (data 161 not shown). A similar and significant difference in trans vs cis-medial Golgi object 162 numbers when suspended was observed, restored on re-adhesion (graphs in 163 Supplementary Fig. 1i ), confirming their differential regulation in these cells (like noted 164 for mouse fibroblasts). This suggests adhesion-dependent regulation of the Golgi to be 165 conserved across cell types. 166
167
Fibronectin vs poly-L-lysine coated beads differentially restore Golgi organization. 168
The rapid nature of adhesion mediated regulation of the Golgi organization does suggest 169 early adhesion events to drive the same. This leads us to test if in non-adherent serum 170 starved WT-MEFs, binding to fibronectin (FN-Bead) vs poly-L-lysine (PLL-Bead) coated 171 polystyrene beads affects Golgi architecture. Fibronectin coated beads dramatically 172 restore the trans-Golgi (GalTase RFP) organization, relative to control and poly-L-lysine 173 coated beads (Fig 2a) . This is reflected in a significant drop in trans Golgi object numbers 174 in FN bead-bound cells (Graph in Fig 2a) . Percentage distribution of the organized vs 175 disorganized trans-Golgi phenotype across cells further confirms the effect fibronectin 176 beads have over control and PLL beads (Fig. 2b) . The differential effect Fibronectin vs 177 PLL beads have suggested variable binding and clustering of integrins (Tran et al., 2002) 178 and resulting downstream signaling drives the Golgi organization. PLL coated beads 179 likely cause some integrin activation (relative to control) that reflects in a small reduction 180 in Golgi object numbers (Graph in Fig 2a) , but is not prominent enough to affect the 181 distribution profile for the phenotype in cells (Graph in Fig 2b) . Fibronectin coated beads 182 are also seen to support the enrichment of GM1 labelled raft microdomains (detected with 183 Cholera Toxin B) in cells, confirming their spatial activation of integrins (Supplementary 184 Fig. 2a ). With a known integrin-growth factor crosstalk reported in WT-MEFs, we also 185 tested if the presence of serum growth factors (5% FBS) affects adhesion-dependent Golgi 186 architecture. In cells with serum (5% FBS), like with cells in low serum (0.2% FBS) 187 conditions, the Golgi similarly disorganizes on the loss of adhesion and recovers on re-188 adhesion. This further suggests adhesion be a primary regulator of Golgi organization in 189
WTMEFs ( Supplementary Fig. 2d, 2e) . 190 191 Fibronectin coated beads bound to cells also offer a means of evaluating the spatial 192 regulation of adhesion-dependent Golgi reorganization. Using cells bound to a single bead 193 the orientation of cis-Golgi (GM130) and trans-Golgi (GalTase) relative to bead were 194 Arf6 (T157A) similarly expressed in cells did not have this effect ( Supplementary Fig. 4i ) 247 further confirming this regulation to be Arf1 specific. 248
249
We further tested if re-adhesion mediated recovery of Arf1 activation is needed for Golgi 250 reorganization, by inhibiting Arf1 using a dominant negative mutant (Donaldson and 251 Jackson, 2000) (GFP tagged T31N Arf1) ( Supplementary Fig. 4b ) or inhibitor Brefeldin A 252 (BFA) (Fujiwara et al., 1988; Lippincott-Schwartz et al., 1989) . Cells suspended for 90 253 mins were incubated with BFA for an additional 30 mins and then re-plated on fibronectin. 254
Both treatments while not further disrupting the disorganized trans-Golgi phenotype 255 (GalTase-RFP) in suspended cells (120' SUSP) did prevent the Golgi from reorganizing 256 on re-adhesion to fibronectin (Fig. 4c, 4d ). This is further reflected in Golgi object numbers 257 in re-adherent cells being comparable to those seen in suspended cells (Graphs in Fig. 4c , 258 4d). Similar expression of HA-tagged dominant negative T31N Arf1 ( Supplementary Fig.  259 4f) in suspended cells also prevented cis-Golgi (GM130) from reorganizing in re-adherent 260 cells ( Supplementary Fig. 4h ). The distribution profile of organized versus disorganized 261 phenotype in BFA treated suspended and re-adherent cell populations confirming the 262 same ( Supplementary Fig. 4d ). Binding of fibronectin-coated beads to suspended BFA 263 treated cells (BFA+FN-Bead) failed to restore Golgi integrity unlike untreated cells bound 264 to FN beads ( Fig. 4e ). Golgi object numbers accordingly stayed significantly high in 265 treated cells (Graph in Fig. 4e ). The distribution profile of the organized versus 266 disorganized phenotype in BFA treated cells further confirming this ( Supplementary Fig.  267 4e). 268 269 BFA acts as a non-competitive inhibitor of Arf GEFs, BIG1/2 (BFA-inhibited GEFs) and 270 GBF1 (Golgi-specific Brefeldin A-resistance factor 1) (Casanova, 2007) . We further 271 compared the effect BFA has to Golgicide A, known to specifically target only GBF1 272 (Sáenz et al., 2009 ). While BFA blocked Golgi reorganization dramatically Golgicide A 273 only had a minor effect on the same, reflected in their distribution profiles ( Fig. 4f, 4g) . 274
This suggests BIG1/2 (over GBF1) is the prominent GEF working downstream of 275 adhesion to regulate Arf1 activation and Golgi organization. 
Adhesion-dependent Arf1 activation regulates its binding to dynein 280
Activation of Arf1 is seen to be dependent on its localization at the Golgi, which could, in 281 turn, mediate recruitment of the minus end motor protein dynein (Yadav et al., 2012) . We 282 hence tested if differential Arf1 activation by adhesion could regulate its binding and 283 recruitment of the dynein in suspended vs re-adherent cells driving the observed Golgi 284 phenotype. Pull down of active Arf1 with GST-GGA3 we find does bring down dynein 285 with it, inhibition of Arf1 with BFA affecting the same ( Supplementary Fig. 5a ). Loss of 286 adhesion mediated drop in active Arf1 ( Fig. 5a left panel) also significantly reduces the 287 amount of dynein that is brought down with it, re-adhesion restoring active Arf1 and 288 bound dynein levels ( Fig. 5a right panel) . This suggests adhesion-dependent Arf1 289 activation can differentially recruit dynein to drive Golgi reorganization. Accordingly, 290 ciliobrevin mediated inhibition of dynein blocks re-adhesion mediated Golgi organization 291 ( Fig. 5b , Supplementary Fig. 5b ) reflected in Golgi object numbers (Graph in Fig. 5b ). 292
Ciliobrevin did not affect adhesion-dependent Arf1 activation (relative to untreated 293 control) ( Fig. 5c ) or Arf1 levels ( Supplementary Fig. 5c ), suggesting the inhibition of We further asked if and how this pathway regulates Golgi function. A major read out of 301
Golgi function in cells is their ability to glycosylate and deliver protein and lipids at the 302 plasma membrane. Both N-and O-glycosylation involve a series of enzymatic reactions 303 catalyzed by glycan-processing enzymes across the cis, medial and trans-Golgi 304 compartments (Stanley, 2011; Varki, 1998) . Changes in Golgi architecture does affect 305 processing and trafficking of glycosylated proteins and lipids (Pokrovskaya et al., 2011) 306 and can be detected using lectins that selectively recognize glycan epitopes (Sharon and 307 Lis, 2004) . Using flow cytometry, we quantitated the cell membrane binding of 308 fluorescently tagged lectins, Concanavalin A (ConA) (mannose-binding), wheat germ 309 agglutinin (WGA) (Galactose/N-acetylgalactosamine binding), peanut agglutinin (PNA) 310 (N-acetylglucosamine binding) and ulex europaeus agglutinin (UEA) (Fucose binding), 311 on loss of adhesion. Cells held in suspension for 120 mins show a significant increase in 312 plasma membrane binding of all four lectins (black bars) relative to their basal levels when 313 detached (grey bars) ( Fig. 6a ). This suggests the loss of adhesion promotes Golgi 314 processing and/or trafficking to increase membrane glycosylation levels. To confirm if 315 this is indeed the result of the disorganized Golgi phenotype on the loss of adhesion we 316 tested if active Arf1 mediated restoration of Golgi integrity in suspended cells could 317 prevent this glycosylation change. Cherry tagged WT Arf1 and active Q71L Arf1 318 ( Supplementary Fig. 6a ) expressing cells show comparable Arf1 expression 319 ( Supplementary Fig. 6b ) and only a modest change in basal cell surface ConA and UEA 320 binding when detached (5' SUSP) ( Supplementary Fig. 6c, 6d ). Active Arf1 did, however, 321 block the increase in cell surface glycosylation observed in suspended control and WT 322 Arf1 expressing cells ( Fig. 6b, 6c ). This confirms adhesion-dependent regulation of Arf1 323 and resulting Golgi disorganization affects processing, making it a vital regulator of Golgi 324 function in cells. 325 326
Discussion. 327
This study hence reveals cell-matrix adhesion to be a novel regulator of Golgi architecture 328 and function ( Fig. 6d ). Independent of growth factors, loss of adhesion rapidly 329 disorganizes the Golgi, restored on re-adhesion to fibronectin for 5 mins or less. Such clustering is sufficient to drive this pathway, but also raises the possibility that the signal 338 downstream of integrins could indeed dissipate very rapidly to the Golgi. One such 339 regulator working downstream of integrins could be calcium. Studies have shown integrin 340 activation can drive transient changes in intracellular Ca +2 levels (Sjaastad et al., 1996) . 341
Studies in neuronal cells have shown a calcium-dependent interaction between NCS-1 and 342
ARF1 that can control Golgi architecture. This suggests a functional cross-talk could exist 343 between Ca 2+ -dependent and ARF-dependent pathways in the trans-Golgi (Haynes et al., 344 2005) . Our study for the first time identifies adhesion to control Arf1 activation, regulated 345 by the BFA sensitive Arf1 GEF BIG1/2. 346 347 Earlier studies have suggested BIG1/2 and GBF1 (both sensitive to BFA) to differentially 348 localize in trans and cis Golgi respectively (Manolea et al., 2008) . Thus, on the loss of 349 adhesion BIG1/2 mediated Arf1 activation is prominently downregulated in the trans-350
Golgi, relative to the cis/cis-medial Golgi (containing GBF1). This could reflect in the 351 greater disorganization of the trans-Golgi in non-adherent cells. While such a differential 352 role and regulation of trans vs cis/cis-medial is speculated (Rothman, 1982 the Golgi is fragmented to drive this change (Migita and Inoue, 2012; Petrosyan, 2015) . 376
It will be of much interest to test if and how changes in surface glycosylation on the loss 377 of adhesion compare to those seen on oncogenic transformation and how they contribute 378 to anchorage-independent signaling (Guo and Giancotti, 2004; Schwartz, 1997) . Integrin-379 mediated adhesion is seen to regulate endocytic and exocytic trafficking, to control 380 anchorage-dependent signaling, that is deregulated in cancers (Balasubramanian et al disorganized cis-Golgi shows almost no overlap with the ER (Fig. 1g, 1h ), till these cells 402 are treated with BFA. While in non-adherent cells a 60% decrease in active Arf1 levels 403 (relative to stable adherent cells) is observed, BFA causes an additional 75% reduction in 404
Arf1 activation that drives its fall back into the ER (data now shown). This could be 405 mediated by BFA mediated inhibition of GBF1 in the cis/cis-medial Golgi in a way that 406 loss of adhesion does not. This suggests, changing Arf1 inactivation could progressively 407 affect Golgi organization, making the disorganized Golgi seen on loss of adhesion a 408 possible structural (and maybe functional) intermediate to Golgi fragmentation. This 409 study hence not only identifies cell-matrix adhesion as a novel regulator of Golgi structure 410 and function, but in doing so highlights the possible role such a regulatory pathway could 411 have in normal and disease conditions. 412 413 414
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Martin Schwartz for discussions during the course of the study. We thank IISER Pune for 422 the facilities and infrastructure. VS thank Infosys Foundation Travel Award. and incubated for an additional 30 mins at 37°C. Control cells were treated with an 757 equivalent volume of solvent (DMSO /MeOH). Cells were processed as described in 758 suspension assay and samples collected at required times. Cells were re-plated on FN-759 coated coverslips with or without inhibitor for 5 mins, fixed, mounted and imaged using 760 a confocal microscope. 761
762
Inhibitor studies: Nocodazole washout assay. 763
Serum-starved WT-MEFs were detached and held in suspension for 60 mins and then 764 incubated with Nocodazole (10 µM in DMSO) for 30 mins. Suspended cells were washed 765 twice with PBS to remove methylcellulose in presence or absence of Nocodazole and 766 suspension aliquots fixed with 3.5% paraformaldehyde. Cells with and without 767
Nocodazole were then re-plated on fibronectin in presence and absence of Nocodazole 768 and fixed with 3.5% PFA after 5 mins. All the time points were immunostained with 769 GM130, fixed, mounted and imaged using a confocal microscope. 770 771 Arf1 activity assay. 772
WTMEFs serum starved with 0.2% FBS containing DMEM for 12 hours were detached 773 using Trypsin-EDTA, held in suspension for 120 mins (120' SUSP), re-plated on 774 fibronectin (10 µg/ml) for 15 mins (15'FN) and for 4 hours to be stable adherent (SA). 775
Cells were lysed and processed for Arf1 activity assay as described 776 earlier (Balasubramanian et al., 2007b) . 30 µL of WCL and all of the GGA3 pulldown 777 sample eluted with 20 µl of 2X lamelli buffer were resolved by 12.5% SDS-PAGE gel and 778 transferred to PVDF membrane (Millipore). Blots were blocked with 5% milk in Tris-779 buffered saline containing 0.1% Tween-20 (TBST) for 1 hour at RT and incubated at 4°C 780 overnight with the anti-Arf1 antibody (Clone 1D9, Abcam) diluted 1:500 in 2.5% milk in 781 TBST. Blots were washed and incubated with anti-mouse HRP diluted 1:10000 in 2.5% 782 milk in TBST at RT for an hour and developed with PICO chemiluminescence detection 783 system (Thermo Scientific). LAS4000 (Fujifilm-GE) was used to image the blots and 784 densitometric band analysis was done using Image J software (NIH). 785
786
To determine Percentage Arf1 activity, following calculation was used: 787 788 Percentage Arf1 Activity = Pulldown Band Intensity ×100 Corresponding WCL Band Intensity × Dilution factor 789 Dilution factor was calculated as the ratio of the amount of total cell lysate used for the 790 pulldown (400 μl) and the amount of this lysate loaded as representative of whole cell 791 lysate (WCL) on SDS PAGE, (22.5 μl WCL + 7.5 μl 4× Lamellis). The dilution factor 792 was hence 400÷22.5=17.77. This ratio was kept constant in all the experiments in this 793 study. Percentage active Arf1 levels thus calculated were compared between stable 794 adherent, suspended and re-adherent cells. Serum-starved cells held in suspension as described earlier or re-adherent were fixed with 804 3.5% paraformaldehyde (PFA), permeabilized with PBS containing 5% BSA and 0.05% 805
Triton-X100 for 10 mins at RT. Cells were then blocked with 5% BSA in PBS for 30 mins 806 at RT and incubated with anti GM130 antibody diluted 1:100 in PBS with 5% BSA for an 807 hour at RT. Cells were washed with PBS and incubated with 1:1000 diluted anti-mouse 808
Alexa 488/ Alexa 568 antibody (as required) at RT for one hour. Suspended cells were 809 similarly labeled in Eppendorf tubes and mixed regularly by tapping to prevent cells from 810 settling. Cells were washed with 1X PBS and eventually reconstituted, mounted using 811 flouramount-G and imaged using a confocal microscope. 812 813 Confocal Microscopy. 814
Cells were imaged using the Zeiss 710 or 780 laser scanning confocal microscopes using a 815 63X oil objective (NA 1.4). Acquisition settings were kept constant at: laser power = 2 %, 816 Pinhole = 1 AU, gain = 700 to 800 and images acquired at 1024 x 1024 resolution. Z-817 stacks were acquired at 0.2 µm interval thickness, deconvoluted and rendered as discussed 818 below. 819 820 821 822
Deconvolution of Z stacks and object analysis. 823
All the images were processed and analyzed using the Huygens Professional version 16.10 824 (Scientific Volume Imaging, The Netherlands, http://svi.nl). De-convolution of confocal 825 z-stack was optimised using the following settings. Average background value = 1, number 826 of iterations = 30, signal to noise ratio (SNR) = 20, and quality change threshold = 0.0001. 827
These settings were kept constant for all de-convoluted images discussed in this study. 828
Theoretical point spread function (PSF) values were estimated for each z-stack and 829 provide the minimal voxel size that the confocal microscope could resolve. This PSF value 830 was then used in the software as garbage volume for surface rendering and object analysis. For studies on lectin binding, WTMEFs serum starved for 12 hours were detached using 882 Accutase (Sigma), processed and then held in suspension for 120 mins. 
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